Abstract Bacterial surface layers (S-layers) are cell envelope structures ubiquitously found in gram-negative and gram-positive bacteria, including Lactobacillus. S-layers play a role in the determination and maintenance of cell shape as virulence factors, mediate cell adhesion, and regulate immature dendritic and T cells. In this study, we sought to understand the involvement of MAPK serine/threonine kinases in alterations in Endometrial epithelial cells (ESC) growth induced by Lactobacillus crispatus (L. crispatus) slpA, an S-layer protein. We applied various concentrations of L. crispatus to cultured ESCs and observed growth and changes in the phosphorylation status of ERK1/2, JNK, and p38. Similar experiments were conducted using L. crispatus lacking and overexpressing slpA. We found that ESC growth was altered by slpA primarily via ERK1/2. Our findings suggest that L. crispatus slpA promotes ESC growth mainly through an ERK1/2-dependent pathway.
Introduction
The endometrium is composed of luminal and glandular epithelial cells, stromal components, and a closely associated extracellular matrix (Kitaya and Yasuo 2013) . Endometrial cells, especially luminal and epithelial cells, modulate the physiology of the uterus. Although endometrial proliferation is estrogen-driven, it is also mediated by a number of growth factors through autocrine and/or paracrine signaling (Kitaya and Yasuo 2013; Lei et al. 2006 ). Endometrial modulation is essential for the preservation of normal uterine physiology, and this modulation is driven by many factors (Lei et al. 2006) .
Bacterial surface layers (S-layers) are cell envelope structures ubiquitously found in Gram-negative and Gram-positive bacteria, including Lactobacillus (Yang et al. 2016; Perras et al. 2015) . S-layers are composed of identical glycoprotein subunits with a molecular mass in the range of 40 to 200 kDa. S-layer proteins selfassemble into two-dimensional crystalline structures with oblique, square, or hexagonal symmetry, covering the entire cell surface. The subunits are held together and attached to the underlying cell wall by noncovalent interactions and have an intrinsic ability to spontaneously form regular layers in solution and on solid supports (Farci et al. 2015; Sleytr et al. 2014 ). S-layers have been shown to determine and maintain cell shape as virulence factors, mediate cell adhesion, and regulate immature dendritic and T cells. Moreover, S-layers function as a protective coat, molecular sieve, murein hydrolase, and ion trap (Fagan and Fairweather 2014; Currie et al. 2014; Baneyx and Matthaei 2014) .
Bacterial adhesion to epithelial and subepithelial tissue is an important initial event in successful colonization of the mammalian intestine and other tissue sites. Several adhesion molecules have been characterized for bacterial species that cause infectious diseases in humans or animals (Xiao et al. 2013; Quistgaard et al. 2012) . However, knowledge is very limited regarding adhesion molecules present on the mammalian commensal genus Lactobacillus. S-layers have been found in several Lactobacillus species. S-layer protein genes from L. brevis, L. helveticus, and L. acidophilus have been sequenced. Sequence similarity between Lactobacillus S-layer protein genes is found only between closely related Lactobacillus species; the primary sequences of Lactobacillus S-layer proteins show extensive variability, with the number of identical amino acids varying from 7 to 100% (Bobeth et al. 2011; Vilen et al. 2009 ). As a group, Lactobacillus S-layer proteins differ from those of most other bacteria in their small size (25-71 kDa) and high calculated isoelectric point (pI) values (9.4-10.4). Further investigation of S-layer protein slpA at the molecular level is essential for the development of applications that take advantage of these characteristics (Vilen et al. 2009; Narita et al. 2006) .
Most S-layer proteins can reassemble in physiological buffers to form a regular, insoluble array. The adhesive properties of such protein arrays have been analyzed by solid-phase assays using a soluble ligand. Here, we report the effects of Lactobacillus crispatus (L. crispatus) slpA on endometrial epithelial cells, as well as the molecular mechanisms mediating these effects.
Materials and methods
Unless otherwise specified, all chemicals and reagents in the study were purchased from the Sigma Chemical Company (St. Louis, MO, USA). Antibodies to IgG, GAPDH, ERK1/2, phospho-ERK1/2, p38, phosphop38,RSK90, phospho-RSK90 JNK, and phospho-JNK were purchased from the Millipore Corporation (Billerica, MA, USA). U1026 was purchased from the Sigma Chemical Company.
Cell culture
Endometrial epithelial cells (ESCs, purchased from ScienCell, Carlsbad, CA, USA) were cultured at 38.5°C with 5% CO 2 under humidified air.
Bacterial strains and cultivation conditions L. crispatus strains (derived from a 30 year old femal volunteer in our hospital) were grown in MRS broth (Sigma) at 37°C.
Cell proliferation assay with the Cell Counting Kit-8 A Cell Counting Kit-8 (CCK-8) kit (Dojindo Laboratories, Kumamoto, Japan) was used to determine cell viability and proliferation. Briefly, the cells were seeded in a 96-well plate (3000 cells/well, four replicates) and incubated overnight. The cells were incubated with different concentrations of L. crispatus (0, 10/ml, 10 2 /ml, 10 3 /ml, 10 4 /ml). The cells were replenished with a medium containing CCK-8 solution (10 lL CCK-8 in 100 lL medium) and incubated for another 2 h, after which the absorbance at 450 nm was measured using a microplate reader (Bio-Tek Instruments, Winooski, VT, USA). The growth percentage = (12 h, 24 h, 46 h, and 48 h OD -0 h OD)/0 h OD.
Western blot
For western blotting experiments, 30 ll of total protein was electrophoresed on a denaturing 12% SDS-PAGE gel and transferred overnight to a 0.45 um nitrocellulose membrane at 70 mA using neutral Tris-glycine (TG) buffer. Membranes were blocked for 1 h at room temperature using 5% skim milk. Primary antibodies were incubated for 60 min in 0.5% skim milk in Trisbuffered saline (TBS) at room temperature with shaking. Membranes were washed three times with TBS-Tween (TBST; 50 mM Tris-Cl, 150 mM NaCl, and 0.1% Tween 20; pH 7.5) for 10 min. Membranes were incubated with secondary antibodies (goat anti-rabbit IgG conjugate; Roche, Indianapolis, IN, USA) for 30 min and subjected to four 15-min washes with TBST. Proteins were visualized using an ECL detection method.
Plasmid construction for slpA and DslpA
The methods of Narita were used to delete the slpA gene (Narita et al. 2006 ). All PCRs were carried out using the KOD-Plus-polymerase (Toyobo, Osaka, Japan). The slpA gene from Lactobacillus acidophilus JCM 1132 was amplified by PCR. The native slpA and DslpA expression system (lacking slpA) were generated by PCR amplification. These amplified fragments were digested with BglII and EcoRV prior to introduction into the BglII and PvuII sites of pIaA22. The resulting plasmids were labeled pIaA22-slpA and pIaA22-DslpA.The nucleotide sequence analyses of the fragments inserted into all plasmids were performed using an Applied Biosystems, Inc. (ABI) Prism 310 genetic analyzer with a Big Dye terminator version 3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA, USA). The plasmids were introduced into L. crispatus (Narita et al. 2006 ) by electroporation.
Statistical analyses
The SPSS (IBM Inc., Armonk, NY, USA) and StatView (SAS Inc., San Francisco, CA, USA) software packages were used for statistical analyses. Significance was determined using analysis of variance (ANOVA) to enable comparison between the continuous numerical data of multiple groups. The Protected Least Significant Difference test was used for posthoc analyses.
Results

Effect of L. crispatus on ESC growth and optimal L. crispatus concentration
The CCK-8 was used to assess the effects of 0, 10/ml, 10 2 /ml, 10 3 /ml, and 10 4 /ml L. crispatus on ESC growth after 12, 24, 36, and 48 h. ESC growth was directly related to time and the concentration of L. crispatus; maximum ESC growth was observed after 36 h of exposure to 10 3 /ml L. crispatus (Fig. 1) .
Effect of L. crispatus on MAPK signaling in ESCs
The effect of 10 3 /ml L. crispatus on MAPK signaling in ESCs was assessed after 0, 20, 40, and 60 min. ERK1/2 phosphorylation increased over time and peaked at the 40 min time-point. However, JNK and P38 showed no changes in phosphorylation status (Fig. 2) .
To confirm the role of ERK1/2 in the effects of L. crispatus on ESC growth, ERK1/2 phosphorylation was inhibited by U0126. JNK and P38 phosphorylation was also unchanged by inhibition of ERK1/2 phosphorylation (Fig. 3a, b) . RSK90, a protein downstream of ERK1/2 signaling, phosphorylation was unchanged by inhibition of ERK1/2 phosphorylation (Fig. 4a, b) . Inhibition of ERK1/2 phosphorylation inhibited ESC growth in comparison with that of the control group (Fig. 4c) .
Influence of slpA on ESC growth
The phosphorylation status of ERK1/2, JNK, and P38 was unchanged in ESCs exposed to L. crispatus lacking slpA (Fig. 5a, b) ; however, growth was inhibited in ESCs exposed to L. crispatus lacking slpA in comparison with that of the control group (Fig. 5c ). In contrast, ERK1/2 phosphorylation was increased in ESCs exposed to L. crispatus overexpressing slpA, with maximum phosphorylation after 20 min of exposure (Fig. 6 ).
Discussion
Lactic acid bacteria (LAB) are important industrial micro-organisms that are used to ferment dairy products and other foods to preserve them and enhance their texture. Furthermore it was the main probiotics in the female genital tract. Many studies have demonstrated the potential of LAB in protein production, but further studies are required to characterize the properties of LAB as hosts for the expression of heterologous and homologous gene products (Vilen et al. 2009; Narita et al. 2006) . In this study, we found that L. crispatus promoted ESC growth through activation of the ERK1/2 branch of the MAPK pathway. The optimal L. crispatus concentration to promote growth was 10 3 /ml. Inhibition of ERK1/2 inhibited ESC growth under L. crispatus exposure.
Most bacterial S-layers are composed of a single protein species, the S-layer protein, which greatly varies in size among different bacterial genera (Perras et al. 2015; Fagan and Fairweather 2014; Babolmorad et al. 2014) . S-layers are cell envelope structures ubiquitously found in gram-positive and gram-negative bacteria as well as in Archaea. S-layers selfassemble into two-dimensional crystalline structures with oblique, square, or hexagonal symmetry, covering the entire cell surface. S-layers are hydrophobic and crystallize to form a two-dimensional layer on the bacterial surface (Vilen et al. 2009 ). The role of slpA in bacterial adhesion to chicken epithelium has been suggested previously. Here, we showed that slpA promoted ESC growth (Fagan and Fairweather 2014; Babolmorad et al. 2014; Sleytr et al. 2007 ). When the slpA gene was deleted, ERK1/2 phosphorylation in exposed ESCs was inhibited, whereas slpA overexpression induced ERK1/2 phosphorylation. The MAPKs are a super-family of serine/threonine kinases that include ERK, JNK, and p38 (Reus et al. 2014) . MAPKs are involved primarily in the activation of nuclear transcription factors that control cell proliferation, differentiation, and apoptosis (Delhanty et al. 2006) . Our results provide evidence that L. crispatus slpA promotes ESC growth mainly through an ERK1/2-dependent pathway. Thus, our findings suggest that slpA might be utilized to promote ESC growth. However, further studies are necessary before clinical applications can be considered.
